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A B S T R A C T
In the present paper, the ability of peanut's hull-derived activated carbon AC(PH-800) to adsorb oxytetracycline (OTC) was investigated using batch adsorption with fixed-bed reac-
15
tor. The factors influencing adsorption, such as contact time and sorbent concentration, were evaluated. Sorption kinetic and equilibrium data of OTC sorption onto AC(PH-800) were submitted to kinetics and equilibrium models in order to calculate the adsorption constant rate and the maximum capacity of the sorbent. The application of shrinking core model (SCM) for the removal of OTC was investigated with two assumptions finite and infinite
20
volume solution. Oxytetracycline adsorption increased for increasing initial OTC concentrations, and equilibrium isotherms can be accurately described by the Freundlich equation. Experimental data were analyzed using the SCM and the analysis based on statistical and graphical method proved that the adsorption followed the product layer diffusion controlled equation of the model. The approach modeling considering a finite volume solution
25
assumption was more successful than the modeling approach involving an infinite volume solution.
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Introduction
Water pollution is one among the many threats that the world population is facing and which requires immediate attention. Moreover, micropollutant contamination is confirmed by the frequent detection of 35 organic compounds such as antibiotics (i.e. oxytetracycline) in surface, ground, and wastewaters [1] . About 150 tons of high concentration wastewater is produced in the oxytetracycline (OTC) production and this kind of wastewater is hard to eliminate by traditional 40 wastewater procedures. Among the numerous techniques for reducing the amount of OTC, adsorption was found to be one of the simplest and most effective techniques [2] .
Adsorption is widely used as it is among the most 45 effective and relatively inexpensive methods in the treatment processes. Highly porous adsorbents with good selectivity such as activated carbon have shown excellent ability as effective adsorbents for the removal of many aqueous contaminants, both organic and 50 inorganic, such as antibiotics (i.e. oxytetracycline) and R e v i s e d m a n u s c r i p t certain metal ions [3] . The high adsorption capacity of activated carbon is a result of its high surface area, extensive porosity in the interior of the particles, and presence of many different types of surface functional 5 groups.
A challenge in the field of activated carbon production is to produce specific materials with given properties including surface area and porosity from low-cost precursors and at low temperatures [4] . Cur-10 rently, there are many studies on the development of low-cost adsorbents, namely using waste materials for this purpose. Despite the satisfactory results obtained using some of these low-cost adsorbents, ACs are known to be more efficient in adsorbing a greater 15 amount of pollutants. AC production costs can be reduced by either choosing a cheap raw material or by applying a proper production method [5] . In order to increase its adsorption capacity, the pore network should be developed during AC preparation by 20 application of adequate physical (PhA) or chemical (ChA) treatments. The use of ChA seems to be more frequent in the preparation of AC from agricultural wastes and the most frequently used agents are H 3 PO 4 , KOH, and ZnCl [3] .
25
Only few studies have determined the possibility of using activated carbons prepared from agricultural wastes for antibiotics oxytetracycline removal [6] [7] [8] . Therefore, the present work evaluates the preparation, characterization, and the use of activated carbons from 30 peanut's hull as alternate adsorbents for oxytetracycline removal from aqueous solutions in closed fixedbed reactor. Furthermore, modeling of kinetics data was conducted in order to contribute to describe the sorption of the pollutant on the adsorbent material.
35
Among the available models to develop the rate expression for fluid-solid reaction, the shrinking core model (SCM) has been widely used; it is the main model that has been developed for non-catalytic fluidsolid reactions. It has been well established that the 40 SCM is the best and simplest representation for the majority of non-catalytic fluid-solid system [9] [10] [11] . For a more realistic approach and by referring to the electron microscopy image of the prepared activated carbon, the solid particle may be considered as 45 cylindrical, remains unchanged in size during reaction and it reacts with the fluid isothermally. The rate expressions have been developed for such solid particle in this work. Furthermore, in its original form [12] , the assump-50 tion of constant and uniform bulk concentration of A in the fluid phase is made. This is similar to the infinite solution volume concept used in the analysis of adsorption and ion-exchange kinetics. In this study, the more general solutions are presented, i.e. for changing fluid 55 concentration (finite solution volume). Also, the concentration of the reacting fluid is assumed to be constant or changing.
The kinetics was fitted to the SCM with the two assumptions of the finite and the infinite solution vol-60 ume. The purpose of this report is to take into account the effect of finite bulk liquid on dissolution.
Despite good performance and detailed studies on the kinetics adsorption of oxytetracycline onto activated carbon, up to now, to the best of our knowl-65 edge, no detailed studies of the application of the SCM with the assumption of the infinite solution volume for cylindrical particles are reported in the literature. Some kinetics have been presented for the oxytetracycline-activated carbon adsorption process by 70 various authors [6] [7] [8] , but for SCM detailed kinetic data are still unknown.
Theory
Equilibrium modeling
The sorption equilibrium data are conveniently 75 represented by sorption isotherms. Adsorption isotherms are basic requirement for designing any adsorption system, which correspond to the relationship between the mass of the solute sorbed per unit mass of sorbent q e and the solute concentration for the 80 solution at equilibrium C e . The sorption isotherms were investigated using two equilibrium models; the Langmuir and Freundlich isotherms models.
The Langmuir equation (Eq. (1)) describes the adsorption of gas molecules on a planar surface [13] .
85 The empirical Freundlich model can be applied to non-ideal adsorption on heterogeneous surfaces as well as multilayer adsorption and is expressed by the following equation [14] :
90
where q e (mg g −1 ) and C e (mg l −1 ) are the amount of adsorbed OTC per unit weight of AC(PH-800) and unadsorbed OTC concentration in solution at equilibrium, respectively. Q 0 is the maximum adsorption 95 capacity (mg g −1 ) and b is a constant related to the affinity of the binding sites. K F and 1/n are the Freundlich constants characteristic of the system, indicating adsorption capacity and intensity, respectively. 
Kinetic study
To interpret the kinetic experimental data of an organic pollutant, it is necessary to determine the adsorption/desorption process steps in a given experimental system which govern the overall 10 adsorption/desorption rate. A wide variety of situations indicates that the unreacted-core model approximates real particles more closely in most cases than does the progressive-conversion model. Since the unreacted-core model seems to reasonably 15 represent the reality in a wide variety of situations and in order to investigate the mechanism of sorption, the experimental data were analyzed using the SCM.
2.2.1. The SCM development for cylindrical particle
20
The SCM has been derived for non-catalytic solidfluid reactions [12] ; it considers the heterogeneous reaction between a solid and a fluid phase:
The overall rate is a combination of the diffusion rate 25 of A in the fluid film, the diffusion rate of A in the solid, and the chemical reaction rate. The reaction occurs first at the outer skin of the solid particle. Then, progressively, the reaction zone moves into the solid, leaving behind completed concerted solid (ash) [12] . 30
Consequently, at any time there exists an unreacted core of the solid, which shrinks in size during the reaction. By referring to Fig. 2 , we assume that the solid particle is cylindrical, remains unchanged in size dur-35 ing reaction, and it reacts with the fluid isothermally. In all equations, the fractional conversion X B is used and the rate equations can be written as discussed below [12, [15] [16] [17] [18] .
When diffusion through liquid film controls. When-40
ever the resistance of the liquid film controls, the concentration driving force, given by C AL -C AS , remains constant during reaction of cylindrical particle; with C AL and C AS represent the concentrations of solute in the bulk liquid phase and at the solid-liquid interface, 45
respectively. From the stoichiometry of (Eq. (3)), dN B = bdN A , can be written:
If ρ B is the molar density of B in the solid and V the volume of a cylindrical particle, the amount of B 50 present in particle is:
The decrease in volume or radius of unreacted core accompanying the disappearance of dN B moles of solid reactant or bdN A moles of fluid reactant is then 55 given by
Replacing (Eq. (6)) in (Eq. (4)) gives the rate of reaction in terms of the shrinking radius of unreacted core, or
60 where k l is the mass transfer coefficient between fluid and particle; rearranging and integrating, we find how the uncreated core shrinks with time.
(1) Constant bulk concentration
If the volume of the bulk liquid phase V is large enough, the concentration of solute C AL in the bulk liquid phase is essentially constant. Thus
70 After integrating (Eq. (8)) we obtain:
(2) Variable bulk concentration 75 If the volume of the bulk liquid phase is finite, the variation of the bulk liquid concentration is C AL . Thus, integrating of (Eq. (8)) leads to: 
Eqs. (9) and (11) can be written in terms of fractional conversion by noting that 1 À X B ¼ volume of unreacted core total volume of particle ¼ pr
Therefore 10 If the concentration of solute in the bulk liquid phase is essentially constant, the values of the rate constants K m1 , can be calculated from the slope of the plot of X B against time (Eq. (13)).
15 If the volume of the bulk liquid phase is finite, the values of the rate constants K m2 can be calculated from the slope of the plot of X B against R t 0 C AL dt (Eq. (14)).
20 2.2.1.2. When the diffusion through inert/ash layer controls. To develop an expression between time and radius, such as (Eqs. (13) and (14)) for film resistance, the assumption that the shrinkage of the unreacted core is slower than the flow rate of A toward the unre-25 acted core allows great simplification in the mathematical relations which follows. With this assumption, the rate of reaction of A at any instant is given by its rate of diffusion to the reaction surface, or
30
For convenience, let the flux of A within the ash layer be expressed by the Fick's law. Then noting that both Q A and dC AL /dr are positive, we have
where D e is the effective diffusion coefficient of liquid 35 reactant in the ash layer. Combining (Eqs. (15) and (16)), we obtain for any r
Integrating across the ash layer from R to r c we obtain
This expression represents the conditions of a reacting cylindrical particle at any time. As with film diffusion, let us eliminate N A by writing it in terms of r c . This rela-45 tion is given by (Eq. (7)); hence replacing in (Eq. (19) ), separating variables, and integrating, we obtain
(1) For constant bulk concentration
It can be shown that in the case of constant bulk concentration, integrating (Eq. (20)) and Substituting (Eq. (12)) we obtain
55 Or
If the concentration of solute in the bulk liquid phase is essentially constant, the values of the rate constants 60 K d1 , is calculated from the slope of the plot of f(X B ) against time (Eq. (22)). 
Or
5 If the volume of the bulk liquid phase is finite, the values of the rate constants k d2 are calculated from the slope of the plot of f(X B ) against R t 0 C AL dt (Eq. (24)).
When the chemical reaction controls.
Since the progress of the reaction is unaffected by the presence 10 of any ash layer, the quantity of reacting material is proportional to the available surface of unreacted core. Thus, based on unit surface of unreacted core, the rate of reaction for the stoichiometry of (Eq. (3)) is
where k s is the first-order rate constant for the surface reaction. Writing N B in terms of the shrinking radius, as given in (Eq. (6)), we obtain
Which on integration becomes 20
(1) For constant bulk concentration
The integration of (Eq. (26)) for the assumption of constant bulk concentration gives
In terms of fractional conversion we obtain
35 The values of the rate constants K 1 and K 2 are calculated from the slope of the plot of f(X B )against, time and R t 0 C AL dt, respectively. The straight line plots of f(X B )against t or R t 0 C AL dt have been employed to obtain rate parameters. The 40 function f(X B ) is different for each controlling mechanism. The following table summarizes the different equation rate forms for each model (Table 1) .
Experimental
Preparation of activated carbon
45
A local south Algerian peanut's hull was used as the starting material serving as precursor to produce activated carbon. Peanut's hull was washed with water and reduced in size by hammer milling prior to experiments. A particle size range of 50-250 μm was used 50 throughout the present study. Chemical activation was performed with strong dehydrating agent. The activated agent of choice was: the orthophosphoric acid. In water, and was also dried at 105˚C for 6.0 h to constant weight for further analysis and characterization. The activated carbonaceous material obtained from peanut's hull was called PH-800.
Oxytetracycline solutions preparation
10
Oxytetracycline formula and physicochemical properties are depicted in Table 2 [19] . OTC solutions are prepared in distilled water. Moreover, stock solutions should be stored at 2-8˚C in the dark for no longer than one month because OTC hydrolyzes in 15 aqueous solution and it is light sensitive. OTC molecule presents three acido-basic moieties with specific pK a . So this substance could bear different charges depending on the solution pH.
Sorption procedure: fixed-bed experiments
20
Fixed-bed operations are widely used in pollution control processes such as separating ions by ion-exchange bed or removing toxic organic compounds by carbon adsorption bed [20] . All fixed-bed closed experiments utilized a glass column of 50 cm length 25 and 2 cm internal diameter into which the derived activated carbon adsorbent was packed. The adsorbent bed was supported by glass wool and glass beads to ensure uniform liquid distribution. The column was operated in an up flow mode. A pump was used to 30 control the flow rate at the inlet. Samples were collected periodically from storage tank and analyzed for the remaining OTC concentration (C t ). The flow through the column was continued until the OTC concentration reached equilibrium in the storage tank.
35 Fig. 1 represents the experimental device.
The results obtained using closed fixed-bed indicated that the protocol of contact between coal and the solution was especially efficient for kinetic monitoring. The following equation was used to compute the 40 specific uptake by the sorbent q t (mg g −1 of dry solid):
where V (L) is the solution volume and m(g) the amount of dry sorbent C o and C t are the initial OTC concentration and its concentration at a given time t, 45 respectively (mg L −1 ).
Results and discussion
4.1. Characterization of derived activated carbon (PH-800)
Scanning electron microscopy
A surface image of the sorbent and the satu-50 rated material was analyzed by scanning electron microscopy at different magnifications as shown in Fig. 2 . As can be seen in Fig. 2(A 1,2 ), a clear pore From Fig. 2(B 1,2 ) , it is possible to appreciate that the 5 surface of the saturated AC(PH-800)was covered by impurities and the pore structure could not be seen clearly.
Porosity characterization
Porosity describes the number of pores present in 10 a sample. Porosity therefore enhances adsorption capacity of an adsorbent. The prepared activated carbon (PH-800) was subject to iodine number and the BET surface area. The iodine adsorption capacity is represented as iodine number, which indicates mil-15 ligrams of iodine adsorbed by gram of activated carbon (PH-800), for testing acting activated carbon. The BET surface area and the average pore size distribution are estimated using the surface area analyzer. The average pore radius r p was estimated by applying the 20 following equation [21] :
where V (cm 3 g −1 )is the total pore volume and S BET is the BET surface area. Table 3 summarizes the properties of the prepared activated carbon. 
Adsorption isotherms
The isotherms of adsorption of OTC onto AC(PH-800)were performed in the range of 5-150 mg L −1 initial OTC concentrations. In this work, the Langmuir and Freundlich isotherm models were tested. 30 The data obtained by nonlinear fitting of the isotherm (Fig. 3 and Table 4) shows that the best isotherm model was the Freundlich isotherm that presented the highest R 2 value; from this as the adsorbate concentration increases, the concentration 35 of adsorbate on the adsorbent surface also increases. R e v i s e d m a n u s c r i p t n can also represent the adsorption equilibrium constant whose reciprocal (1/n) is the indicative of adsorption intensity. Sorption is nonlinear if n is significantly lower or higher than one. If n is less than 5 one, which is our case, sorption decreases with increasing aqueous concentration, and conversely sorption increases with increasing aqueous concentration when n is greater than one [22] . These results are in agreement with other findings involv-10 ing the Freundlich isotherm to describe the behavior in aqueous solutions [1, 23] .
Effect of the initial concentration
The effect of the initial concentration on the OTC sorption by AC(PH-800)was investigated in the range 15 of 5-150 mg L −1 initial OTC concentrations. The variation of the uptake values with time for various initial concentrations is depicted in Fig. 4 . The uptake amount increased with increasing initial OTC concentrations up to 150 mg L −1 . At lower OTC concentrations, solute con-20 centrations to sorbent sites ratio is higher, which cause an increase in OTC removal [24] . At higher concentrations, lower adsorption yield is due to the saturation of adsorption sites. It could be noted that the results obtained show that the capacity increased with increas-25 ing initial concentrations; the adsorbent was therefore effective even at high concentrations. , T = 22˚C).
R e v i s e d m a n u s c r i p t
Kinetic modeling
The equilibrium parameters in Table 4 were also applied in the uptake rate calculations since X B in the 5 kinetic model is the ratio of the loading capacity at any time during adsorption to the equilibrium loading capacity.
The analysis of the experimental data using the above equations (Eqs. (13), (22) , and (29)) showed that 10 the mechanism of OTC removal on AC(PH-800)is complex and both the surface adsorption as well as intraparticle diffusion contributes to the actual adsorption process(linear portions of the curves do not pass through the origin; data not shown). The values of the 15 rate constants and regression coefficients are shown in Table 5 .
The fitting of the kinetics with the assumption of a finite solution volume(i.e. Eqs. (14), (24) , and (30)) indicates that the mechanism of OTC removal on AC 20
(PH-800) is controlled by liquid film diffusion (Eq. (14)) for the dilute concentration system; and the product layer diffusion (Eq. (24)) step for the remainder of the field concentration. The diffusion through inert/ash layer rate constant values (Table 6)  25 decreased with increasing initial concentration of OTC with regression coefficients higher than 0.97 for all the entire adsorption period indicating that the rate-limiting step may be diffusion through inert/ash layer. Zogorski et al. [25] indicated that external trans-30 port is the rate-limiting step in systems having poor mixing, dilute concentration of adsorbate (for OTC concentrations in the range of 5-10 mg L −1 ) (Table 6 ), small particle sizes of adsorbent, a high affinity of adsorbate for adsorbent. Some experiments conducted 35 at low concentrations have shown that film diffusion controls the adsorption kinetics of low molecular weight substances [26, 27] . The observed decrease in R 2 values with increasing initial adsorbate concentration can be explained by the growing effect of driving 40 force. The concentration gradient, while the decrease in R 2 values at higher adsorbate concentrations, may be due to agglomeration of adsorbate particles which leads to a decrease in mass transfer resistance.
The experimental results show that the slope 45 changes with initial concentration of OTC, at the same time, the regression coefficient R 2 for the high concentrations was high than for low concentration, which implies that the process involves more than one kinetic for the low concentrations. Table 5 Values of the rate constants and regression coefficients for OTC sorption onto the AC(PH-800) (the infinite volume solution) Table 6 Values of the rate constants and regression coefficients for OTC sorption onto the AC(PH-800) (the assumption of the finite volume solution)
C 0 (mg/l) lin R e v i s e d m a n u s c r i p t 5 
Conclusion
The need for efficient and economic removal of pollutants, namely from aqueous phases, resulted in the development of research on the use of waste materials as precursors for the preparation of less 10 costly AC. The production of activated carbon from peanut's hull with phosphoric acid activation was investigated. The use of such materials can be an efficient alternative for both production of low-cost AC and adoption of effective waste management practices.
15
The adsorption kinetics of oxytetracycline on derived activated carbon on fixed-bed as a function of the contact time and the initial OTC concentration was investigated. Oxytetracycline adsorption increased for increasing initial OTC concentrations. The equilibrium 20 isotherms of the sorption systems of OTC on AC(PH-800)can be formulated precisely by the Freundlich equation.
A SCM was used; it takes into account the assumption of the finite volume solution. The model 25 was successful in describing the experimental data; while the assumption of infinite volume solution in the SCM can result in erroneous conclusions about the control regime. The adequate fitting of the experimental data values for the whole studied 30 range of concentration, and suggest the applicability of the finite solution volume assumption kinetic model to this sorption system.
